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Abstract:   
The pressureless sintering behaviors of two widely used submicron alumina (MgO-
doped and undoped) with different solid loadings produced by injection molding have been 
studied systematically. Regardless of the sinterability of different powders depending on their 
inherent properties, solid loading plays a critical role on the sintering behavior of injection 
molded alumina, which greatly determines the densification and grain size, and leads to its 
full densification at low temperatures. As compared to the MgO-doped alumina powder, the 
undoped specimens exhibit a higher sinterability for its smaller particle size and larger 
surface area. While full densification could be achieved for MgO-doped powders with only a 
lower solid loading, due to the fact that MgO addition can reduce the detrimental effect of the 
large pore space on the pore-boundary separation. 
Keywords: Alumina; Injection Molding; Pressureless Sintering; Sintering Behaviors; 
Densification.  
 
 
 
1. Introduction 
 
Ceramic Injection Molding (CIM), developed from a combination of plastic shaping 
and powder metallurgy, has received extensive attention since 20-30 years ago, for it enables 
mass production of small and complex-shaped metal or ceramic components. Its main 
advantage over other competitive processes is the elimination of machining, particularly for 
parts made of hard materials with complicated shapes. Stability of mechanical properties of 
well-processed powder-injection-molded ceramic materials are superior to other ceramic 
molding technology such as slip-casting, gel-casting and cold isostatic pressing for the CIM 
technology is of high mechanization.  
The CIM process is composed of four sequential steps: mixing of the powder and 
organic binder, injection molding, binder removal (debinding), and sinter densification. Lin et 
al [1-2] indicated that a homogeneous particle packing enhances sintering and reduces 
anisotropic shrinkage, while a high particle-packing density gives a high sintered density and 
smaller shrinkage which is vital to dimensional control even though a powder loading close to 
the critical value results in an infinitely high viscosity which retards injection molding. Yield 
stress, probability of molding failure, strength of green compacts and Weibull distribution of 
flexural strength of sintered bodies for two commonly used alumina with similar particle size 
were respectively reported by Lin et al in [1-2]. They provide guidelines for the selection of 
optimum solid loading which should usually be high but a little less than the critical values for W. Liu et al. /Science of Sintering, 46 (2014) 3-13 
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CIM. 
    On the other hand, many efforts have been made to improve the strength and 
toughness of ceramics prepared via pressureless sintering on the basis of Lange’s idea to 
avoid defect formation due to differential sintering by using more homogeneous powder 
compaction [3]. Among them, Krell et al [4-5] adopted advanced raw materials and shaping 
approaches (uniaxial pressing, cold isostatic pressing, pressure filtration, gel casting, and 
combinations thereof) to investigate the influences of the grain size on the strength of 
pressureless sintered alumina ceramics and identify the types of flaws.
  However, 
unfortunately, CIM, which possesses incomparable superiority, was not included in their 
study. A homogeneous compact without defects could be obtained through good control by 
CIM. It will provide a more comprehensive insight and give a supplement for the previous 
work if systematic research on this issue is performed [6].  
Furthermore, the influence of solid loading and sintering schedule on the 
performance of commonly used commercial alumina has seldom been systematically 
compared and studied. In addition, investigations concerning the effect of MgO which is 
usually doped as sintering agent in sintering behavior of injection-molded-Al2O3 are lacking. 
In this paper, pressureless sinterability of two commonly used commercial 
submicron alumina (MgO-doped and undoped), produced by injection molding, has been 
studied. We focused on the influence of solid loading and sintering schedule on the 
performance of the two different powders. Different solid loading and heating rates were 
adopted, which allows the shrinkage behavior in the initial, intermediate and final stages of 
sintering to be observed. The present work was intended to investigate the sintering behavior 
of pressureless sintered alumina ceramics produced by Injection Molding. The investigation 
also considered the effect of MgO addition on the densification of the injection-molded-Al2O3. 
 
 
2. Experimental 
2.1 Materials  
 
Two different ultra fine and high purity (>99.99% Al2O3) commercial α-alumina 
(produced by Sumitomo and Alcoa respectively) powders have been used. For comparison, 
the undoped powder (produced by Sumitomo) and MgO-doped (produced by Alcoa) one were 
referred to Powder 1# and 2#, respectively. The morphology of the particles was observed by 
Transmission Electron Microscope (TEM, 2011, JEOL, Japan) and is shown in Fig. 1. Their 
characteristics (particle size and specific surface area) are presented in  Tab. I. The used 
organic vehicles (binders) in the experiments were: polypropylene (PP, K8303, Beijing 
Yanshan Petrochemical Co., Ltd., China), Ethylene-Vinyl Acetate Copolymer (EVA, VA 
content was 14%, Beijing Chemical Factory, China), paraffin wax (Shenyang Paraffin-wax 
Chemical Co., Ltd., China), stearic acid (SA, Shantou Xilong Chemical Factory Guangdong, 
China) and dibutyl phthalate (DBP, Beijing Modern Eastern Fine Chemical) with the 
compositions shown in Tab. II.  
 
Tab. I. Comparison of two different submicometer α-alumina powders. 
Powder 1#  2#(doped  MgO) 
Purity 99.99%  99.96% 
D50 (μm)  0.17 0.43 
BET (m
2/g) 13.5  7.8 
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Tab. II. Compositions of organic binders. 
 
 
 
 
Fig. 1. TEM micrographs of alumina powders: (a) 1#, (b) 2#. 
 
 
2.2 Procedure 
 
Ceramic powder and binders were mixed in a twin screw kneader (SK-160, ShangHai 
Rubber Machinery, China) at a temperature of 150-160 °C for a period of 15 minutes, after a 
24 h interval, the feedstock was compounded again at a temperature of 120 °C for 15 minutes. 
It is vital to avoid agglomeration of the mixture. The specimens were prepared on an injection 
molding machine (JPH30 C/E, Qinchuan HengLi Plastics Machinery Co. Ltd, China). A 
barrel temperature series of 120-150-155-160 °C from feed to nozzle was used. The hold 
pressure and hold time were 25 MPa and 3.0 s, respectively. The cooling time was 3.0 s and 
the molding temperature was 45 °C.   
The as-molded compacts were placed into a muffle furnace, followed by increasing 
the temperature to 500 °C with a dwell time of 2h at a constant heating rate of 10 °C ⋅h
-1 to 
completely remove the organic binder. 
The temperature in pressureless sintering experiments was carried out in air at 
different temperatures, ranging from 1000-1500 °C, with a dwell time of 60 minutes. The 
sinterability of the different powders was studied at different heating rates: 1, 10 and                       
30 K⋅minute-1. The sintering was done in a chamber furnace (LHT04/17, Nabertherm, 
Germany).  
 
 
2.3 Characterizations  
 
Density was measured by the Archimedes principle. Microstructures were observed 
from fractured surfaces by a Scanning Electron Microscope (SEM, S-450, Hitachi, Japan). 
The morphology of the powders was characterized using transmission electron microscopy 
Components PP  EVA  PW  SA  DBP 
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(TEM, H-800, Hitachi, Japan). The densification and shrinkage rate curves were obtained by 
dilatometry. The fracture strength of sintered bars was examined by a three-point bending 
method, with a span of 30 mm and the dimension of the sintered samples was 3×4×36 mm  
(T-10L, SHIMADZV SERVOPULSER EHF-EG50KN). The hardness (HV) was measured 
on polished surfaces (up to 1μm finish), using a Vickers hardness tester (HV-50, Shanghai 
Material Testing Machine Factory) with the loading of 5 kg. 
 
 
3. Results and discussion 
3.1 Influence of solid loading on sintered body 
 
Two solid loadings of alumina powders were compared, demonstrating that solid 
loading is a key factor which determines whether the ceramic powder could be sintered to full 
density. For Powder 1#, the appearance of a lower solid loading (54 vol.%) after sintering 
lacks the luster owned by ceramics and shows caves. By contrast, the appearance of 56 vol.% 
has no collapse and cracks as shown in Fig. 2. The sintering densities also prove that the 54 
vol.% green body cannot be sintered to full density. Tab. III shows the properties of the two 
sintered bodies with the two solid loadings of powder 1# after sintering, which includes grain 
sizes, green density, sintering density, percentage of theoretical density(T.D.%) and shrinkage 
rate.  
 
 
Fig. 2. Appearances of specimens made from powder 1#: (a) 54vol. % 1450 °C, (b) 56vol.% 
1450 °C. 
 
Tab. III. Comparison of sintering properties at 1450 °C of different solid loading of  
powder 1#. 
Solid loading  54vol.%  56vol.% 
Grain size (μm)  0.8
  1.36
 
Density of green body (g⋅cm
-3)  2.70 2.74 
Density of sintering body 
(g⋅cm
-3) 
3.74
  3.97 
T.D. 93.97%  99.75% 
Shrinkage rate (%)  15.06  15.34 
 
We can see from Tab. III that the 54vol.% density of green body is lower than that of 
56vol.% for Powder 1#. According to Ivensen [7], when green compacts with different pore W. Liu et al./Science of Sintering, 46 (2014) 3-13 
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fractions in the same conditions were sintered, the pore volumes can be described as follow: 
vs/ vp=constant where vs is the total pore volume before sintering and vp is the total pore 
volume after sintering. That is to say, if the pore fraction of green compacts is higher, the 
sintering density will be lower. Obviously, lower solid loading of the powders will lead to 
lower density of compacts after debinding. 
 
 
Fig. 3. SEM micrographs of fracture surface of sintered specimens made from powder 1#: (a) 
54 vol.% 1450 °C, (b) 56 vol.% 1450 °C. 
 
Fig. 4. SEM micrographs of polished surface of sintered specimens made from powder 1# 
with 54vol.% at 1400 °C: (a) 1h (b) 2h. 
 
The microstructures with various solid loading specimens from powders 1# sintered 
at 1450 °C with 1 
oC/min are compared in Fig. 3. It is obvious that the 54vol.% specimen 
shows a smaller grain size (~0.7μm) with more and larger pores for the difficulty of removing 
pores inhibits grain growth. Fig. 4 shows micrographs of specimens made from powder 1# 
with 54vol.% sintered at 1400 °C with different holding time. Pores did not disappear after an 
extended holding time. Some pores cannot be removed even during the final sintering stage. 
There was no such phenomenon for Powder 2#. The main difference between the 
compositions of these two powders is that Powder 2# is magnesia doped. Pore-healing is very 
slow in undoped-alumina, whose grain boundaries are pinned by pores. In contrast, pore-
healing is very rapid in MgO-doped Al2O3. The addition of MgO reduces the grain-boundary 
mobility in Al2O3 by making it independent of the grain-boundary misorientation and 
increasing the surface diffusivity. In combination, both effects reduce the detrimental effect of 
large pore spacing on the pore-boundary separation [8]. Pore spacing is larger in compacts of 
lower solid loading than that in higher solid loading ones, which could result in pores removal 
difficulty. Powder 1# without MgO could not be fully densified at lower solid loadings but 
powder 2# with MgO could achieve that.  
 
 
3.2 Influence of sintering schedule on densification and performance 
 
In order to focus research on the sintering behaviors, the solid loading of 56 vol.% is 
adopted in the following research. Fig. 5 gives the micrographs of grain growth of powder 2# 
at different temperatures. Fig. 5 (a) is a typical micrograph of grains which have just grown 
during the initial sintering stage. From Fig. 5 (b) and (c), it is clear that the grain size 
increases fast when the sintering temperature increased by 100 °C during the final stage of W. Liu et al. /Science of Sintering, 46 (2014) 3-13 
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sintering. It indicates that temperature is a sensitive factor controlling grain size during the 
final stage of sintering. 
 
Fig. 5. SEM micrographs of fracture surface of sintered specimens showing grain growth of 
powder 2# :(a) 1100 °C, (b) 1400 °C, (c) 1500 °C. 
 
 
Fig.6. Densification curves versus temperature: (a) 1# at 10 K⋅minute
-1, (b) 1# at                    
30 K⋅minute
-1, (c) 2# at 10 K⋅minute
-1, (d) 2# at 30 K⋅minute
-1. 
 
 
Fig.7. Densification curves versus sintering time: (a) 1# at 10 K⋅minute
-1, (b) 1# at                
30 K⋅minute
-1, (c) 2# at 10 K⋅minute
-1, (d) 2# at 30 K⋅minute
-1. 
 
The densification and shrinkage rate curves obtained by dilatometry at 10 and                   
30 K⋅minute
-1 of the two different powders are presented in Figs. 6, 7 and 8. Fig. 6, 7 show 
the percentage of theoretical density (T.D. %) of the two powders at different heating rates W. Liu et al./Science of Sintering, 46 (2014) 3-13 
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versus temperature and time. Fig. 8 describes the relationship of the shrinkage rate gained at 
different heating rates and temperatures. Fig. 9,10,11,12 contrasts the changes of grain sizes 
for the two powders versus increasing temperature and time respectively. 
 
 
Fig.8. Shrinkage rate curves at 10 and 30 K⋅minute
-1: (a) 1# at 10K⋅minute
-1, (b) 1# at 
30 K⋅minute
-1, (c) 2# at 10 K⋅minute
-1, (d) 2# at 30 K⋅minute
-1. 
 
As expected and according to the values presented in Tab. III, the sinterability of 
different powders depends on their inherent properties, basically on the particle size and 
surface area. Powder 1# has smaller particle size and higher surface area, which leads to 
higher density and shrinkage rate at a lower temperature, which could be proved by Fig. 6. 
MgO as a dopant also decreases the densification rate.
 The time when the two powders gained 
the maximum density is in proportion to the heating rate, which can be seen in Fig. 7. Rapid 
shrinkage can take place at a higher heating rate as shown in Fig. 8. 
 
 
Fig. 9. Average grain size versus temperature of 1# sintered specimens at different heating 
rates (a) 10K⋅minute
-1, (b) 30 K⋅minute
-1. 
 
The temperature, at which the ceramic gained the maximum shrinkage rate, increases 
when the heating rate is raised. Because shortening of the sintering time would lead to higher 
driving force for densification via avoiding the possibility of exaggerating grain growth. The 
results in Fig. 9,10,11,12 agree with that and prove densification could not be enhanced by W. Liu et al. /Science of Sintering, 46 (2014) 3-13 
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increment of sintering time. Instead, over-prolonged sintering may cause exaggerated or 
discontinuous grain growth. 
 
Fig.10. Average grain size versus sintering time of 1# sintered specimens at different heating 
rates (a) 10K⋅minute
-1, (b) 30 K⋅minute
-1. 
 
Fig. 11. Average grain size versus temperature of 2# sintered specimens at different heating 
rates (a) 10K⋅minute
-1, (b) 30 K⋅minute
-1. 
 
Fig. 12. Average grain size versus sintering time of 2# sintered specimens at different heating 
rates (a) 10K⋅minute
-1, (b) 30 K⋅minute
-1. W. Liu et al./Science of Sintering, 46 (2014) 3-13 
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Tab. IV shows the differential coefficients Vs  of shrinkage rate and time, the 
temperature at which the ceramic gained the maximum Vs and the minimum temperature 
necessary to obtain closed porosity. It is clear that Powder1# densifies most quickly at 1320 
°C and gets closed porosity at 1410 °C when heated at 10 K⋅minute
-1. The Vs obtained at     
30 K⋅minute
-1 is three times that obtained at 10 K⋅minute
-1. The lowest temperature at which 
closed porosity was obtained is lower at 30 K⋅minute
-1 than 10 K⋅minute
-1. This shows that the 
increment of the heating rate can enhance densification, although there is a limitation in the 
maximum heating rate for pressureless sintering experiments. The temperature at which the 
maximum Vs of powder 2# was obtained, is higher than that of powder 1#. This shows that 
powder 1# is more easily sintered than Powder2# for its smaller particle sizes.  
 
Tab. IV. Different sintering properties at 10 and 30 K⋅minute
-1. 
Powder 1#  2# 
Vs
1  0.1212 0.0975 
T (°C)
1  1320 1444 
10 
K⋅minute
-1 
  Tmin (°C)
2  1410 - 
Vs  0.3623 0.2907 
T (°C)  1337 1457 
30 
K⋅minute
-1 
  Tmin (°C)  1400 - 
1: Vs=-d(dL/L0)/dt*10
-2, negative indication expresses shrinkage  
1: The temperature at which the ceramic gained the maximum Vs 
2: The minimum temperature necessary to obtain closed porosity 
 
Tab. V. Mechanical properties of 1# specimens at different temperatures at 1 K⋅minute
-1 
 Temperature  
(°C) 
Grain Size 
(μm) 
density  
(g⋅cm
-3) 
Fracture 
Strength (MPa) 
HV50N  
(GPa) 
1350  0.25 3.95 430.57±24.36  22.46 
1400  0.72 3.97 463.73±38.97  23.71 
1450  1.25 3.97 467.96±32.78  16.56 
1500  2.09 3.97 460.36±21.56  17.16 
 
 
Fig.13. SEM micrographs of fracture surface of sintered specimens at 1450 °C:(a) 1# at 10 
K⋅minute
-1, (b) 1# at 30 K⋅minute
-1,(c) 2# at 10 K⋅minute
-1, (d) 2# at 30 K⋅minute
-1. 
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Tab. V summarizes the mechanical properties of powder1# sintered at different 
temperatures at 1 K⋅minute
-1, such as grain size, density, fracture strength and hardness 
(HV50N). Density changes little after compacts achieve close porosity. The hardness is very 
high (22-24GPa) due to that the submicron scale grain size gained below 1400 °C. However, 
no unique grain-size effect can exist: the degree that the grain size influences the strength will 
always be dependent, in a complex way, on the pre-existing flaw structure [4]. It is also 
known that the fracture strength of pure alumina decreases with increase in grain size. 
The micrographs of the specimens from the two powders at 1450 °C at different 
heating rates are compared in Fig. 13. The grain sizes did not stay significantly small with an 
increase in the heating rate. The grain sizes of powder 2# are smaller than powder 1# at 1450 
°C because the temperature, at which powder 2# compacts achieve full densification, is higher 
than that of Powder 1#. 
 
 
4. Conclusion 
 
1. The sintering behaviors of two widely used submicron α-alumina (MgO-doped and 
undoped) with various solid loadings fabricated by injection molding have been studied 
systematically. Full densification with a submicron grain size of alumina ceramics have been 
accomplished at low temperatures. 
2. Regardless of the sinterability of different powders depending on their inherent 
properties, the solid loading plays a critical role on the sintering behavior of injection molded 
alumina counterparts, which greatly determines the densification and grain size, and leads to 
its full densification at low temperatures. 
3. The undoped-powder exhibit a higher sinterability than the MgO-doped, which can be 
attributed to its smaller particle size and higher surface area than the MgO-doped one. The 
samples can be fully densified by pressureless sintering at 1400 °C with a high solid loading, 
and the fracture strength and hardness of the sintered parts can be up to 430-460 MPa and 17-
22 GPa at different sintering temperatures, respectively.  
4. MgO-doped powder can be fully densitified with a lower solid loading than the undoped 
one, which can be owing to the fact that MgO addition can reduce the detrimental effect of the 
large pore space.  
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Садржај: Систематски је проучавано синтеровање без притиска две често 
коришћене  врсте  субмикронске  алумине ( допиране  са MgO и  не  допиране),  које  су 
добијене  применом  ПИМ  методе  са  различитим  пуњењем  калупа.  Без  обзира  на 
разлику при синтеровању два различита праха услед њихових својстава, пуњење калупа 
за  синтеровање  игра  кључну  улогу  у  процесу  синтеровања  алумине,  што  умногоме 
одређује  густину  и  величини  зрна  и  води  потпуној  денсификацији  на  нислим 
температурама. У поређењу са прахом алумине допираног са MgO, не допирани узорци 
показују већу синтерабилност услед мање величине зрна и веће специфичне површине. 
Пуна  денсификација  се  може  постићи  са  допираним  прахом  и  са  мањим  пуњењем 
калупа за синтеровање, услед чињенице да додатак MgO може да редукује штетне 
ефекте великих пора на границама зрна. 
Кључне  речи:  алумина;  моделовање;  синтеровање  без  притиска;  понашање  током 
синтеровања; згушњавање.  
 
 
 
 
 
 